IL-4 is a pleiotropic cytokine that binds to high-affinity receptors expressed on hematopoietic and nonhematopoietic cells (1) . The IL-4 receptor is a heterodimeric molecule comprised of the 140-kDa high-affinity binding chain, IL-4 receptor ␣ chain (IL-4R␣) (2, 3) and the ␥ c subunit (4, 5) . The ␥ c chain is also shared with receptors for IL-2, IL-7, IL-9, and IL-15 (5) (6) (7) (8) (9) (10) . Both IL-4R␣ and ␥c chains are involved in mediating IL-4 binding and signaling. The IL-4R␣ chain also associates with the IL-13R␣ chain to form a high-affinity IL-13 receptor (11) .
Two types of T helper subsets have been defined based on the profile of cytokines they produce (12) . TH1 clones secrete predominately interferon ␥ (IFN-␥) and little IL-4, whereas TH2 clones secrete IL-4, IL-5, IL-10, and IL-13 and little IFN-␥. The addition of exogenous IL-4 to in vitro cultures is required for the differentiation of naive CD4 ϩ T cells into IL-4-secreting TH2 cells (13) . Evidence suggesting an in vivo requirement for IL-4 in the induction of TH2 cells comes from studies of IL-4 Ϫ/Ϫ and STAT6 Ϫ/Ϫ mice. In the former, in vivo priming for IL-5 production in response to infection with Nippostrongylus brasiliensis is diminished whereas in the latter N. brasiliensis infection results in diminished IL-4 production upon in vitro stimulation (14, 15) . The cell types responsible for producing the IL-4 needed for TH2 priming have not been conclusively identified. Possible candidates include CD4 ϩ , NK1.1 ϩ T (NK T) cells (16) , cells of the mast cell or basophil lineage (17) (18) (19) , ␥␦ T cells (20) , and conventional T cells (21) .
To more definitively investigate the role of IL-4 in TH2 development, we disrupted the IL-4R␣ gene by homologous recombination in BALB͞c-I embryonic stem (ES) cells (22) . Because these mice lack sensitivity to IL-4, we could evaluate the relative importance of IL-4 in development of TH2 responses and could determine what cell populations retain the capacity to produce IL-4 even when they differentiate in the total absence of IL-4. Here we describe results from these studies in which we tested the relative ability of CD4 ϩ T cells from wild-type and IL-4R␣-deficient mice to develop into IL-4 producers.
MATERIALS AND METHODS
Mice. BALB͞c ␤ 2 microglobulin (␤ 2 m)-deficient mice (23) were derived after 10 backcrosses to the BALB͞c strain and were obtained from The Jackson Laboratory.
IL-4R␣ Targeting. The IL-4R␣ targeting vector (see Fig.  1 A) was constructed from a 12.7-kb BALB͞c genomic clone spanning IL-4R␣ exons 4-12 (24) . A 0.8-kb PCR product generated from sequences in exons 5 and 6 and incorporating a 5Ј SmaI site in exon 5 was digested with SmaI͞BamHI and ligated to a 1.7-kb BamHI͞EcoRI fragment from plasmid PGKneotk (provided by Heiner Schrewe, Max-Planck-Institut für Immunbiologie, Freiburg, Germany) and a 5.5-kb EcoRI͞ SmaI fragment containing exons 10, 11, and 12 ( Fig. 1 A) . Ten micrograms of PvuI-digested IL-4R␣ target vector was electorporated into 1 ϫ 10 7 BALB͞c-I ES cells (22) . Cells were maintained in DMEM containing 15% ES cell tested fetal bovine serum, 0.1 mM nonessential amino acids, 2 mM Lglutamine, 0.05 mM 2-mercaptoethanol, and 1000 units͞ml ESGRO recombinant leukemia inhibitory factor (all from GIBCO͞BRL). Selection media containing 0.2 mg͞ml G418 (Geneticin; GIBCO͞BRL) was added 2 days after electorporation. G418-resistant ES cell colonies were isolated 7-8 days after addition of selection medium and screened for correct targeting by nested-primer PCR as described (25) . First-round PCR primers sequences were as follows: IL-4Rp1, 5Ј-AACCTCATATGCATCCCGAG-3Ј and neop3, 5Ј-CGG-TATCGCCGCTCCCGATTCG-3Ј. Cycling conditions were 94°C for 2 min primary denaturation, then 94°C for 20 sec, 60°C for 20 sec, and 72°C for 30 sec for 20 cycles in a 50 l reaction. Ten microliters of the first-round product was amplified with nested primers with the same cycling conditions for an additional 33 cycles. Second-round primer sequences were as follows: IL-4Rp2, 5Ј-AACTGTGGGCTGAGCACAThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
GACA-3Ј and neop4, 5Ј-GCGCATCGCCTTCTATCGC-CTTC-3Ј. The final product was run through a 1.6% agarose gel containing ethidium bromide. A mimic control vector transfected and isolated under similar conditions was used as a positive control for the screenings. One targeted clone was injected into 3.5-day blastocysts from C57BL͞6 mice and transferred into foster females. Chimeric males were bred to BALB͞cJ females. Albino coat-color offspring from chimeric matings were screened for the mutated IL-4R␣ allele by Southern blot and PCR analyses.
Southern Blot and PCR Analyses. Genomic DNA from offspring of IL-4R␣ heterozygous matings was prepared from tail biopsies (26) (see Fig. 1B ). DNA (5 g) was digested with EcoRI, run through a 0.7% agarose gel, and transferred to nylon membrane (Zeta-Probe; Bio-Rad) under denaturing conditions. The filter was hybridized with 25 ng of [␣-32 P]dCTP-labeled DNA probe (Ready-To-Go; Pharmacia) with QuikHyb solution (Stratagene) and exposed to film overnight (Kodak X-Omat AR). Genotyping was also performed by PCR using primer pairs specific for exon 7 and the neo gene in a single reaction. Primer sequences for exon 7 were as follows: CR1.1, 5Ј-AATGTGACCTACAAGGAACC-3Ј and CR1.2, 5Ј-GGACTCCACTCACTCCAG-3Ј. Neo sequences were as follows: IMR013, 5Ј-CTTGGGTGGAGAG-GCTATTC-3Ј and IMR14, 5Ј-AGGTGAGATGACAG-GAGATC-3Ј. PCR products reveal a 125-bp exon 7 band in IL-4R␣ ϩ/ϩ mice, a 280-bp neo band in IL-4R␣ Ϫ/Ϫ mice, and 125-bp and 280-bp bands in IL-4R␣ ϩ/Ϫ mice.
Culture Medium. Complete RPMI (cRPMI) consisted of RPMI 1640 medium (Biofluids, Rockville, MD) supplemented with 10% fetal bovine serum (GIBCO͞BRL), 1 mM sodium pyruvate, 2 mM L-glutamine, 0.05 mM 2-mercaptoethanol, 100 units͞ml penicillin, and 100 g͞ml streptomycin.
Cytokines and Antibodies. Mouse IL-4 was obtained from a recombinant baculovirus prepared by Cynthia Watson (National Institute of Allergy and Infectious Diseases). Human IL-2 was a gift of Cetus. IFN-␥ was purchased from Genzyme. Anti-IL-4 (11B11) (27) was prepared by Verax (Lebanon, NH). Goat anti-IL-12 was purchased from R & D Systems. Anti-IFN-␥ (XMG 1.2), biotinylated mouse-anti-rat IgG2a, fluorescein inothiocyanate (FITC)-anti-CD45R, FITC-anti-CD62L, phycoerythrin (PE)-anti-major histocompatibility complex (MHC) I-A b,d , PE-anti-CD4, and streptavidin-PE were purchased from PharMingen. Monoclonal rat ant-mouse IL-4R␣ M1 (28) was purchased from Genzyme. Monoclonal rat IgG2a (PharMingen) was used as an isotype control for the IL-4R␣ stainings. Rat anti-mouse Fc ␥ receptor antibody 2.4G2 was used as 1:500 diluted ascites. Anti-CD3 antibody (2C11) was prepared by Jane Hu-Li (National Institute of Allergy and Infectious Diseases).
Cytokine and Ig Measurements. IL-4, IL-5 (Endogen), IL-2, and IL-10 (PharMingen) ELISAs were performed according to manufacturer's directions. IFN-␥ was measured with a two-site ELISA (29, 30) . In some experiments, IL-4 activity was quantitated using the IL-4 indicator cell line CT.4S (31) . IgG1 and IgG2a isotyping reagents were purchased from Southern Biotechnology Associates. IgE ELISA was performed as described (32) . 96-well plates were coated with 2 g͞ml each of two monoclonal anti-IgE antibodies (02131D from PharMingen and AMI2501 from BioSource, Camarillo, CA). After blocking and overnight incubation with serum samples, plates were developed with horseradish peroxidaseconjugated goat anti-IgE antibodies (Southern Biotechnology Associates) followed by peroxidase substrate (Bio-Rad).
Nippostrongylus Infection. Five hundred third-stage N. brasiliensis larvae were injected subcutaneously into IL-4R Ϫ/Ϫ and IL-4R ϩ/Ϫ controls. Mice were killed 7 days after infection and CD4 ϩ T cells were isolated from the mesenteric lymph node by passing though a CD4-enrichment column (Cedarlane Laboratories). CD4 ϩ cells were further isolated to 100% purity by flow sorting. Cells were cultured at 1 ϫ 10 6 ͞ml in 24-well plates coated with anti-CD3 (10 g͞ml). Supernatants were removed at 24 hr and assayed for IL-4, IL-5, IL-10, and IFN-␥ by ELISA. In a separate experiment, serum Ig levels were measured 13 days after infection.
In Vitro Stimulation of CD4 ؉ Subsets. CD4 ϩ lymph node cells from wild-type and IL-4R␣ Ϫ/Ϫ mice were isolated by passing through a CD4-enrichment column (Cedarlane Laboratories). Purified CD4 ϩ cells were stained with PE-anti-CD4 and FITC-anti-CD62L. Cells were flow-sorted into CD4 ϩ ͞CD62L-high and CD4 ϩ ͞CD62L-low populations and plated at 1 ϫ 10 6 ͞ml in 96-well plates coated with anti-CD3 (10 g͞ml). Supernatants were removed at 24 hr and assayed for IL-4 and IFN-␥ by ELISA.
Cell Priming Conditions. CD4 ϩ cells from mesenteric lymph nodes were isolated and sorted for CD4 ϩ ͞CD62L-high and -low populations as described. Sorted populations (1 ϫ 10 6 ͞ml) were cultured with T-depleted irradiated spleen cells (7 ϫ 10 6 ͞ml) from BALB͞c IL-4-deficient mice (22) as antigen-presenting cells in 24-well plates in cRPMI containing 3 g͞ml soluble anti-CD3. Cells were cultured in the presence of IL-2 (10 units͞ml), anti-IFN-␥ (10 g͞ml), and anti-IL-12 (10 g͞ml). Some cultures also contained IL-4 (1,000 units͞ ml) or anti-IL-4 (20 g͞ml). After 4 days of culture, cells were harvested, washed twice, and plated at 1 ϫ 10 6 ͞ml in cRPMI with IL-2 on 96-well plates coated with anti-CD3 (10 g͞ml). Supernatants were harvested at 24 hr and assayed for IL-4 and IFN-␥ by ELISA.
Anti-CD3 in Vivo. Mice were injected i.v. with 1.33 g anti-CD3 as described (16) . After 90 min, spleens were removed, dispersed into single cells, and cultured at 5 ϫ 10 6 ͞ml in 24-well plates for 1 hr. Supernatants were assayed for IL-4 by CT.4S proliferation.
STAT6 Electrophoretic Mobility-Shift Assay. Freshly isolated spleens cells (10 ϫ 10 6 ) from IL-4R␣ ϩ/Ϫ and IL-4R␣
Ϫ/Ϫ mice were stimulated with 10,000 units͞ml IL-4 for 10 min at room temperature. Cell lysates were prepared as described (33) . A double-stranded oligonucleotide, the STAT6 element, corresponding to an IFN-␥ activation site-like element found in the mouse IL-4 promoter (gatcAAGACCTTCACAG-GAACTTTAATCT, provided by Hua Huang, National Institute of Allergy and Infectious Diseases) was synthesized with a 5Ј-gatc overhang (denoted by lowercase letters) and labeled with [ 32 P]dCTP using Klenow DNA polymerase by standard techniques. For supershift of STAT6 complexes, cell lysates were incubated with a 32 P-labeled STAT6 element and then incubated with 1 l anti-mouse STAT6 antibody (Santa Cruz Biotechnology) before electrophoresis.
RESULTS
The IL-4R␣ locus was disrupted as shown in Fig. 1A . Homozygous IL-4R␣ Ϫ/Ϫ mice showed no overt phenotypic abnormalities and had normal lymphocyte cell numbers in spleen and thymus. The expression of CD3, V␤8, CD4, CD8, CD23, CD45, class II MHC, sIgM, and sIgD molecules were unaltered in IL-4R␣ Ϫ/Ϫ mice (data not shown). IL-4 ligand binding to its receptor up-regulates surface expression of class II MHC, CD23 molecules, and IL-4R␣ itself (34) (35) (36) . To confirm the absence of IL-4R␣ expression in mutant mice, splenocytes from IL-4R␣ Ϫ/Ϫ mice and littermate controls were cultured in the presence or absence of IL-4 for 40 hr. IL-4R␣ and class II MHC levels were measured by flow cytometry. Expression levels of IL-4R␣ and class II MHC were up-regulated on splenocytes from wild-type mice after culture with IL-4 ( Fig. 2A) . In contrast, IL-4R␣ Ϫ/Ϫ mice lacked detectable IL-4R␣ expression and such expression was not induced after the addition of IL-4. Class II MHC expression was also not up-regulated in mutant mice, corresponding with the loss of IL-4 functional activity.
Immunology
Interaction of IL-4 with IL-4R␣ on the cell surface specifically triggers the activation of STAT6, which is a key step in the induction of many IL-4-inducible genes (15, 37, 38) .
IL-4R␣
Ϫ/Ϫ cells did not activate STAT6 in response to IL-4 as revealed by the failure of extracts from these cells to form a complex with the IFN-␥ activation site element derived from the IL-4 promoter, whereas extracts from IL-4-treated wildtype cells formed such a complex that could be supershifted with an anti-STAT6 antibody (Fig. 2B) . (14, 15) . We asked whether TH2 responses in IL-4R␣ Ϫ/Ϫ mice were also impaired. Mice were infected with N. brasiliensis. Purified CD4 ϩ T cells were prepared 7 days later and stimulated with immobilized anti-CD3; supernatants were assayed for cytokine production. IL-4 production by CD4 ϩ T cells from the IL-4R␣ Ϫ/Ϫ mice was strikingly impaired and IL-5 and IL-10 were undetectable (Fig. 3A) . Further evidence for the marked diminution in TH2 responses was reflected by the lower levels of total serum IgE and IgG1 in infected and uninfected IL-4R␣ Ϫ/Ϫ mice, as compared with wild-type mice, and increased IgG2a levels in infected IL-4R␣ Ϫ/Ϫ mice (Fig.  3B) . Interestingly, IFN-␥ production by CD4 ϩ T cells from infected IL-4R␣ Ϫ/Ϫ mice was not elevated, suggesting that IL-4 may play a limited role in regulating IFN-␥ production from CD4 ϩ T cells in this infection in BALB͞c mice. It is interesting that serum IgG2a levels were increased in these mice. Because IFN-␥ can induce switching to the ␥2a C H chain, this increase might reflect an up-regulation in IFN-␥ that was not detected by stimulation of CD4 ϩ T cells from mesenteric lymph node cells.
Although serum IgE levels were reduced by 1,000-fold in the IL-4R␣ Ϫ/Ϫ mice after infection, small amounts of IgE were detectable (9 ng͞ml), suggesting that an IL-4R␣-independent pathway of IgE production exists in vivo. An IL-4-independent pathway for induction of IgE has also been observed in anti-IgD treated IL-4 Ϫ/Ϫ mice (39) and STAT6 Ϫ/Ϫ mice (38). IL-4 Production from CD62L-Low CD4 ؉ T Cells. The diminished but still measurable production of IL-4 by CD4 ϩ T cells from N. brasiliensis-infected IL-4R␣ Ϫ/Ϫ mice implied that some CD4 ϩ cells were capable of secreting IL-4 independently of IL-4 action in vivo. This led us to examine the capacity of lymph node CD4 ϩ T cells to produce IL-4 in vitro in response to challenge with immobilized anti-CD3 and to develop into IL-4-producers as a result of in vitro stimulation with anti-CD3 and subsequent rechallenge. We chose to use mesenteric lymph nodes as a source of CD4 ϩ T cells because these cells in other mouse strains have been shown to have relatively few NK T cells in comparison to T cell populations from spleen (16) or certain sites within the gut-associated lymphoid tissues (40) . We did this because we were particularly interested in determining whether a source of IL-4 other than NK T cells might be found in the CD4 population of IL-4R␣ Ϫ/Ϫ mice. We used the expression of the peripheral lymph node homing receptor CD62L to discriminate resting and͞or naive CD4 ϩ T cells from other CD4 cell populations (41) . Lymph node CD4 ϩ cells were sorted into CD62L-low and CD62L-high populations and stimulated with immobilized anti-CD3 for 24 hr. Such stimulation of CD4 ϩ , CD62L-low cells resulted in similar levels of IL-4 production by wild-type and IL-4R␣ Ϫ/Ϫ cells whereas the CD62L-high populations from both sets of mice produced no detectable IL-4 (Fig. 4A) . IFN-␥ was also undetectable in supernatants of the CD62L-high populations, but was produced in equivalent amounts from the CD62L-low cells from both wild-type and IL-4R␣ Ϫ/Ϫ mice (11 units͞ml each, data not shown).
Both CD62L-high and -low cells from wild-type and IL-4R␣ Ϫ/Ϫ mice were stimulated for 4 days with soluble anti-CD3 and T-depleted spleen cells from IL-4-deficient BALB͞c mice in the presence of IL-2, anti-IFN-␥, anti-IL-12, and either IL-4 or anti-IL-4 antibody (11B11). At the end of the culture period, cells were washed and restimulated, and supernatants were assayed for cytokine production (Fig. 4B) . After in vitro ''priming'' of CD62L-low cells from wild-type mice in the absence of IL-4, an Ϸ20-fold increase in IL-4 production was observed. The degree of IL-4 production by these cells, however, was Ϸ5-fold less than that produced by the same cells that had been cultured with IL-4. CD62L-low cells from the IL-4R␣ Ϫ/Ϫ mice cultured without IL-4 showed the same degree of increase in IL-4 production as did the CD62L-low cells from wild-type mice, but no further increase in IL-4-production was obtained by including IL-4 in the primary culture. Not surprisingly, in the cells that had been CD62L-high at the outset, IL-4 production by wild-type and mutant cells that had been cultured without IL-4 was modest. Addition of IL-4 to the priming culture led to vigorous production of IL-4 by cells from the wild-type but not IL-4R␣ Ϫ/Ϫ cells. NKR-P1 allele of BALB͞c mice does not encode NK1.1 so these cells cannot be simply enumerated. However, they do appear to be present in these mice since injection of anti-CD3 causes the production of IL-4 by spleen cells within 90 min (Fig. 5A) . Spleen cells from IL-4R␣ Ϫ/Ϫ mice produce equivalent amounts of IL-4 in response to injection of anti-CD3 implying that NK T cells are present in the spleens of these mice and that IL-4 is not required for NK T cells to acquire IL-4-producing activity.
IL-4 Production Is
Because NK T cells from a variety of tissues express low levels of CD62L, these cells might be responsible for the anti-CD3-stimulated IL-4 production by CD62L-low mesenteric lymph node cells from IL-4R␣ Ϫ/Ϫ mice. As noted above, we intentionally used mesenteric lymph nodes from IL-4R␣ Ϫ/Ϫ mice to search for IL-4-producing cells because NK T cells have been reported to be present at relatively low levels in lymph nodes (16) . Nonetheless, to test the possibility they might be responsible for the in vitro production of IL-4 that we observed, we took advantage of the finding that NK T cells are lacking in ␤ 2 m Ϫ/Ϫ mice because the bulk of NK T cells are specific for and selected by CD1, a class Ib MHC molecule that depends upon ␤ 2 m for expression (43) . IL-4R␣ ϩ/Ϫ mice were crossed to BALB͞c ␤ 2 m ϩ/Ϫ mice and CD4 ϩ T cells from the various classes of offspring studied for IL-4 production. CD62L-low cells from wild-type (IL-4R␣ ϩ/Ϫ , ␤ 2 m ϩ/Ϫ ) and IL-4R␣ Ϫ/Ϫ (IL-4R␣ Ϫ/Ϫ , ␤ 2 m ϩ/Ϫ ) mice produced comparable amounts of IL-4 in response to immobilized anti-CD3 (Fig.  5B) . In contrast, the same cell population derived from either
Ϫ/Ϫ ) produced little or no IL-4 in response to anti-CD3. As a control, each cell population was capable of producing IL-2 (Fig. 5B) . Thus, the cells among the CD62L-low mesenteric lymph node population that can produce IL-4 in IL-4R␣ Ϫ/Ϫ mice are ␤ 2 m-dependent, strongly suggesting that they are NK T cells.
DISCUSSION
Here we have shown that CD4 ϩ T cells from IL-4R␣ mutant mice infected with N. brasiliensis display a strikingly diminished capacity to produce IL-4 in response to challenge with immobilized anti-CD3, in contrast to such T cells from heterozygous littermates in which a vigorous IL-4 response was observed. These results and those reported with STAT6-deficient mice provide strong evidence that TH2 responses in vivo, to this helminth, like induction of TH2 responses in vitro are critically dependent upon signaling through the IL-4 receptor. In other studies, IL-4 production in response to infection with Leishmania major was also markedly diminished NK T cells are a cell population that have a characteristic set of markers (CD44-high, CD62L-low, CD45RB-low), intermediate levels of T cell receptor (TCR) expression and a skewed TCR repertoire (43) . They are dependent upon CD1 for development and many are specific for CD1. Despite the absence of the NK1.1 allele in BALB͞c mice, the presence of these cells can be inferred from two lines of evidence. Nonetheless, the importance of NK T cells physiologically is still not certain (21, (44) (45) (46) (47) . In particular, it has been shown ␤ 2 m Ϫ/Ϫ mice do display a TH2-type response to infection with N. brasiliensis, Schistosoma mansoni, and L. major (21, 44, 45) . Our data, establishing the critical role for IL-4 in determining this phenotype in response to N. brasiliensis infection, coupled with the former observations indicates that another cell type must be sought to account for the production of the ''earlyinducing IL-4'' in these infections.
It has been proposed that early-inducing IL-4 may actually be produced by conventional T cells as they develop into TH2 cells. That is, small amounts of IL-4 may be produced when these cells are initially stimulated; IL-6 may play a role in this IL-4 production (48). The resultant IL-4 then would act through the IL-4 receptor in a STAT6-dependent manner to commit the cells to become TH2 cells. Although it is difficult to rule this mechanism out, we would anticipate that stimulation of IL-4R␣ Ϫ/Ϫ , ␤ 2 m Ϫ/Ϫ cells should lead to the production of small amounts of IL-4. However, we failed to detect IL-4 in supernatants from CD62L-low CD4 ϩ T cells after anti-CD3 stimulation of these cells. Similarly, CD62L-high cells of IL-R␣ Ϫ/Ϫ mice failed to produce IL-4 at 24 hr after stimulation with immobilized anti-CD3 even when anti-CD28 was added (data not shown). Because the IL-4R␣ Ϫ/Ϫ cells should have limited capacity to consume IL-4, these cultures would be expected to be a particularly favorable setting in which to detect such early IL-4 production. A more careful study of this issue will require both the addition of IL-6 and the use of more sensitive techniques to detect this postulated early burst of IL-4 production.
IL-4R␣-deficient mice provide a powerful tool for analyzing the physiological pathways through which priming for TH2 responses are induced and the role of IL-4 in a wide variety of infectious and other pathological conditions.
